Malignant Hyperthermia (MH) is a rare genetic disease. However, it is devastating when it occurs in a patient. MH is usually triggered by inhalational anesthetics and/or depolarizing muscle relaxants. Public awareness of MH has increased with the presentation of an episode on the television program, "House", and the availability of web-based information. For over 20 years, the MH susceptible pig has been used in experiments by our group as an animal model for MH in humans. . During the past ten years (1996-2006), there were only 2 cases of MH, representing an incidence rate of 1:597,240. That decrease is an 11.13 fold (or 89%) decrease which is very significant. Despite the reduced incidence of Malignant Hyperthermia, two recent cases of MH that result in deaths in Wisconsin and Florida make it imperative that MH is recognized early and appropriate treatment initiated without delay. We have expanded our analysis of the futile cycle mechanism that underlies the MH syndrome. MH is equivalent to the rapid discharge of a battery by a short circuit.
Introduction
Malignant Hyperthermia (MH) is a rare genetic disease. However, it is devastating when it occurs in a patient. MH is usually triggered by inhalational anesthetics and/or depolarizing muscle relaxants. Public awareness of MH has increased with the presentation of an episode on the television program, "House", and the availability of web-based information.
For over 20 years, the MH susceptible pig has been used in experiments by our group as an animal model for MH in humans.
The incidence of Malignant Hyperthermia in the Greater Kansas City Area has declined dramatically since the introduction of Sevoflurane in 1992 as the anesthetic of choice (over 60% usage rate) in most surgical procedures. Historically, Malignant Hyperthermia was reported to occur at a rate of 1:50,000 during surgical procedures [2] . In the Greater Kansas City Area, Malignant Hyperthermia (MH) occurred at a rate of 1:53,636 during the 1965-1985 time period, as there were 38 MH cases in 35 patients [3] . During the past ten years (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) , there were only 2 cases of MH, representing an incidence rate of 1:597,240. That decrease is an 11.13 fold (or 89%) decrease which is very significant.
Background
In 1984, Charles H. Williams, PhD (CHW) was contacted by Maruishi Pharmaceutical Co., Osaka, Japan, via Biodynamics, East Millstone, NJ, to study a new anesthetic agent that they were interested in developing. Sevoflurane was first synthesized in 1971 by a chemist at Baxter Labs, Chicago, USA [4] . Maruishi Pharm. had recently licensed the use of sevoflurane from Baxter Labs. A detailed and complete study of sevoflurane in 8 Malignant Hyperthermia Susceptible (MHS) pigs and 6 normal pigs was performed by CHW [5] [6] . We studied the onset time (time to induction of anesthesia), blood pressure, heart rate, Electrocardiogram (EKG), cardiac output, central venous pressure, core and rectal temperature, plus a complete blood analysis and blood gases, much as would be done in a modern hospital intensive care unit. We also measured the amount of sevoflurane in the inspired air, the expired air, and also the oxygen and carbon dioxide present in the re breathing circuit [7] .
Our conclusion was that sevoflurane was a very good anesthetic agent that had a rapid onset. The pig was anesthetized quickly, and recovered very rapidly when sevoflurane was discontinued which allowed the pig to wake up very quickly. These data were presented at the New York State Anesthesiologists meeting at the Hilton: New York City in October 1989 [6] .
Maruishi then developed sevoflurane for the Japanese market and commenced clinical studies in humans. CHW provided a notarized letter that the scientific results reported in 1984 were true science and was not influenced by the paid contract to perform the studies.
In 1990, Maruishi purchased the complete rights to sevoflurane from Baxter Labs for a total of 8 million dollars payable in four payments of two million dollars each year over a four year period [8] . They purchased the patent rights to the one-step synthesis procedure. This outright purchase prevented anyone, including Baxter Labs from making sevoflurane by the one step process and selling it in any market. Subsequently, Maruishi Pharm. entered into an agreement with Abbott Labs, Chicago and Baxter Labs, to have Abbott Labs as the sole distributor of sevoflurane in the USA [8] . A recent court case reveals that sevoflurane brought in 200 million dollars in sales in the USA in 2000 to Abbott Labs. Sevoflurane represents 57.7% of all anesthetic sales in the USA [8] .
As would be expected, Baxter Labs was distressed to discover it had sold the rights to the #1 anesthetic in the USA. As a competitive strategy, Baxter Labs bought Ohmeda (Ohio Medical), a defunct US anesthesia company, which had developed a 2-step process for making sevoflurane and obtained a patent that would then allow the manufacture of sevoflurane by a 2-step process that did not utilize the 1-step patent process Baxter had sold to Maruishi. In litigation with Maruishi and Abbott, the court ruled that Baxter could not sell their generic version of sevoflurane until December 2005 [8] . Subsequently, several problems have appeared from the use of generic versions of sevoflurane [9] .
Data Collection
Anesthesia data was requested from 22 Hospital and Surgicenters in the Greater Kansas City Area for the year 2006. Five Hospitals did not respond ( Table 1 and Figure 1 ). 
Incidence of MH Cases in KC was one case per 597, 240
Note: Seventeen out of 22 surgical centers/departments in the Greater Kansas City Area responded with data for this study. A total of 72,061 Sevoflurane anesthetics were administered accounting for 60 per cent of the general anesthetics. All other potent inhalation anesthetics totaled 47,387 accounting for the remaining 40 per cent. 19 percent of each group received succinylcholine. We extrapolated the surgical case data back for a period of 10 years to obtain data for the MH cases.
We conducted a MedLine search of the literature on MH cases with Sevoflurane and found 29 reported cases of MH during the use of sevoflurane anesthesia. Succinylcholine was used as the muscle relaxant in all of these MH cases; all patients were treated with Dantrolene and survived.
Outside the Greater Kansas City Area, the MH case of SPN of Lacrosse, WI was brought to our attention [10] . The reporting article did not state whether succinylcholine was utilized and which potent inhalational agent was used. SPN was treated with Dantrolene, but did not survive.
By 1972, CHW had developed the premise that depolarizing muscle relaxants were a primary cause of MH in Malignant Hyperthermia Susceptible (MHS) pigs along with Halothane anesthesia [11] . That premise is illustrated in Figure 2 . Hoech, et al. further developed this premise by using Metubine Iodide to protect the MHS pig from Halothane induced MH [12] . A pharmacologic dosage was required to achieve this protective effect. Buzello, et al. extended this notion by showing that Vecuronium, a non-depolarizing muscle relaxant was safe to use in MHS pigs [13] . However, a clinical dose of Vecuronium did not protect the MHS pigs from a triggering dose of Halothane. CHW, et al. also showed that Atracurium, another non-depolarizing muscle relaxant did not trigger MH in MHS pigs [14] . Nor did a clinical dose of Atracurium protect the MHS pigs from a triggering dose of Halothane. Organon 9426 (Rocuronium), another non-depolarizing muscle relaxant, did not trigger MH in MHS pigs [15] , but did have the unusual property of completely blocking the development of MH in MHS pigs from use of Halothane at a clinical dosage level [15] .
We have developed the idea that a sodium channel genetic defect is the cause of MH. This premise has been presented in a full length publication [1] .
Discussion
Since the introduction of Sevoflurane into clinical anesthesia practice about 1992, there has been an 11.13 fold (or 89%) decrease in MH cases in the Greater Kansas City Area surgical suites during the 1996-2006 period. We attribute the decrease to four factors: 1) use of Sevoflurane as the anesthetic of choice. 2) decline in the use of succinylcholine. 3) diligent intake questioning as to the patient's Family History, Medical History, and physical findings, and if any factor is suggestive of MHS, succinylcholine and potent inhalational agents are customarily avoided; 4) the prophylactic use of Dantrolene in select cases, which has probably prevented clinical MH cases. (The relevant items in the Family History, Medical History, and pertinent physical findings are described in the MHAUS Adverse Metabolic Reaction to Anesthesia Report Form [16].) As a result of these pro-active changes in the practice of anesthesia, there have only been two MH cases in the Greater Kansas City Area during the past 10 years. This contrasts markedly with the thirty-eight MH cases during a 20 year period . If you divide the 38 cases in 20 years (1.9/year) by 2 cases in ten years (0.2/year), the incidence of MH has declined to 11% of its previous rate of occurrence due to the present procedures, with no fatal incidents.
Our experimental studies of sevoflurane showed that over two hours of sevoflurane anesthesia is required to trigger MH in highly susceptible MHS pigs. The MH syndrome that developed was very mild and easily reversed by dantrolene. All of our experimental MHS pigs were recovered, held for one week to clear all drugs, and rechallenged with Halothane to prove a second time that they were MH susceptible [6] .
We believe that the complete elimination of succinylcholine from the surgical suite could further reduce the incidence of MH. All of the reported cases of MH in human patients were accompanied by succinylcholine usage as the muscle relaxant during sevoflurane anesthesia. Our experimental work with MHS pigs clearly demonstrated that succinylcholine was capable of triggering MH by itself without the use of halothane [11] . We also demonstrated that halothane was capable of triggering MH in MHS pigs. These facts alone strongly suggest that the elimination of these two agents should further decrease the incidence of MH in human patients. Physicians who use these agents are playing a game of chance with their patient's life because sporadic cases escape detection and show up as a fully developed MH case. Physicians who continue to use succinylcholine should complete a critical risk vs. benefit analysis of each patient before using succinylcholine. If succinylcholine is used, the treating physician should be prepared for the possibility of a MH reaction and have appropriate remedial treatments available.
The selective identification and treatment of MHS patients with alternative drugs may have played a role in decreasing the number of MH cases in the Greater Kansas City Area, however, because we do not have a rapid, accurate test for MH susceptibility in human patients that can be applied prior to surgery, there will be MHS patients that slip through the personal history screening process.
We have not observed a large shift in the population of the Greater Kansas City Area that could account for the decreased incidence of MH cases.
Two recent fatal cases of MH in young people, SPN from La Crosse, WI and SJK, [17]-[21] of Boca Raton, FL highlight the fact that MH in human patients remains a life threatening situation that needs our full attention.
Anesthesia Record SPN, La Crosse, WI dated 12 Jan 2005: 1) Preop Evaluation: The only comment of note was patient's preoperative anxiety.
2) Pulse: Initial pulse rate on anesthesia record was 82/min. After 1400 hrs. the pulse rate rose gradually to 120/min. at 1625 hours. The last recorded pulse rate on the record was 132/min. at 1625 hours. Labetelol 5 mg.
at 1304 hrs. and 7.5 mg. at 1430 hrs. was given to decrease BP and caused slight decreases in pulse rate.
3) End Tidal CO 2 rose from 48 Torr at 1200 hrs. After two hours of anesthesia ETCO 2 was in mid 50s and after four hours in upper 60s. At 4 hrs. 15 min. ETCO 2 was 80 Torr, at 4 hrs. 30min. ETCO 2 was 110 Torr. 4) Airway: Anesthesia was administered via a LMA (Laryngeal Mask Airway). It is not evident whether respirations were controlled, spontaneous or assisted. I could not determine respiratory rate, Tidal volume or minute volume.
5) Temperature was monitored via axillary temperature probe. Temperature started at 32˚C and in the first hour rose to 34˚C, rising to 36˚C at 1600 hours (I could find no record of the core temperature being measured.).
6) Timeliness of MH diagnosis: The presumed triggering agent Sevoflurane was discontinued at 1629 hours. MH cart was brought to operating room at the same 1629 hours. The warming blanket was turned off at 1540 hours. There was not a timely diagnosis of the MH metabolic process.
Unfortunately, SPN died after several hours of resuscitative treatment. (Drs. Henry Rosenberg and Al Rothstein stated in the APSF Newsletter Summer 2006 Vol. 21, No.1, p. 32 regarding this patient: "By the time the anesthesia team determined that MH was occurring and Dantrolene should be given, the train had left the station and was racing down the tracks.")
The temperature monitoring via axillary (armpit) did not provide an accurate and reliable temperature readout of core or rectal temperature. We have published data from our MHS pig experiments showing that the skin ceases to radiate heat whenever MH develops [22] . The heat produced in MH comes from muscle mass so temperature monitoring must be internal rather than external [23] . This observation is further supported by the fact that esophageal temperature was 110.8˚F after the patient was intubated with a # 8 O.T in the SPN case (Figure 3) . SJK, case number: 08-0366, West Palm Beach, FL. [18] "[SJK] was given succinylcholine, she developed muscle rigidity and her body temperature rose. She was transferred to the nearest emergency department. She developed disseminated intravascular coagulation and multi-organ failure and died at the hospital."
Conclusions
The Malignant Hyperthermia Susceptible pig has been a superb animal model for human Malignant Hyperthermia. See CHW's extensive publications on this subject [23] - [28] . Given that extensive human testing of the MH response is not possible, the animal model remains the best tool for evaluating the suitability of various anesthetic treatments of human patients. The available data suggest that MH human patients have the same negative response to succinylcholine and halothane as the animal model.
We now have a well tested anesthetic, Sevoflurane, which has been used for many years in millions of people that is a weak trigger for Malignant Hyperthermia. This is borne out by only 29 MH cases in the literature and a 19 fold (or 89%) decrease of MH incidents in the Greater Kansas City Area. We have three muscle relaxants, Vecuronium, Atracurium, and ORGANON 9426 (Rocuronium) that are known to be non triggering agents in the MHS pig and the available data suggest that they are safe to use in humans. Rocuronium is the only muscle relaxant that can also prevent MH in pigs when challenged with Halothane or succinylcholine.
Futile Cycle Analysis
The rapid rate of heat production in muscle is driven by a futile cycle, most likely by a rapid membrane depolarization of the 90 mv membrane potential, by a defective sodium channel. The genetically defective sodium channel is evidenced by an action potential at the myoneural junction that is higher in amplitude and of longer duration than a normal action potential [29] . This electrical activity is equivalent to a short circuit in a battery that produces copious amounts of heat and thereby drives the metabolism to a maximum rate of over 10× normal.
